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ABSTRACT

The present study composites atmosphere and ocean conditions associated with ocean hot spots. Ocean hot
spots are defined as regions where SST exceeds 29.75°C and that have an area greater than 1 X 10° km?. The
composite atmosphere includes surface flux parameters, deep convection and cloud amounts, cloud radiative
forcing, and analysis fields from the National Meteorological Center (NMC) and European Centre for Medium-
Range Weather Forecasts weather forecasting systems. The composite ocean includes sea level height and the
temperature and velocity structures down to 720 m from the NMC ocean forecasting system. These fields are
composited for the months before, during, and after the appearance of hot spots in order to develop a four-
dimensional picture of the atmosphere and ocean conditions that are associated with the formation and the decay
of these very high ocean surface temperatures.

The analysis indicates that the formation of these hot spots is largely confined to the region within the 28°C
isotherm of the long-term mean SST, with greatest concentrations occurring in the western Pacific warm pool.
Extended analysis of the warm-pool hot spots (0°~10°S, 156°E—176°W) indicates strong influences from inter-
annual, annual, and 30-60 day timescales, with La Nifia conditions appearing to inhibit formation, southern
summer favoring formation, and the descending (ascending) phase of the Madden—Julian oscillation (MJO)
favoring formation (decay). This interaction with the MJO indicates how internal, or remotely forced, atmo-
spheric variability, in addition to local feedbacks, may be playing a role to help limit SST. Furthermore, the out-
of-phase relationship between SST and deep convection associated with this variability suggests the possibility
of a positive feedback mechanism for the MJO. With respect to the surface heat budget, the data indicate that
during the hot spot evolution, the convective perturbations to the surface shortwave exceed those for evaporation
by at least a factor of 2.

The composite ocean conditions indicate that the rapidly varying atmospheric conditions associated with the
hot spot evolution induce significant changes below the surface layer of the ocean as well. These changes appear
to be primarily linked to the onset of westerly wind bursts associated with the enhanced deep convection.
Removing the El Niiio time periods from the composites indicates that the composite ocean is more dependent
on the interannual state than the composite atmosphere. These results indicate that the ocean should not be
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rendered too simple with respect to understanding the limiting mechanisms of high SST.

1. Introduction

Great interest has surrounded the issue of climate
changes associated with the observed anthropogenic in-
crease in greenhouse gases (e.g., Manabe and Weth-
erald 1980; Somerville and Remer 1984; Schlesinger
and Mitchell 1987; Cess et al. 1989; Lindzen 1990),
particularly as it relates to implied or predicted changes
in the earth’s surface temperature. In response to this
interest, and to improve our understanding of the cou-
pling between the land, atmosphere, and ocean sys-
tems, significant attention has recently been directed
toward understanding the mechanisms that act to pro-
vide an upper limit on surface temperatures in earth’s
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present-day climate. Since the bulk of the earth’s sur-
face is covered by ocean and because the heat capacity
of the oceans is so much greater than that of the land,
a natural starting point is to first try to understand the
mechanisms that provide the upper limit on sea surface
temperatures (SSTs).

This topic was first directly addressed by Newell
(1979) in a discussion of the relationship between
global climate and the world’s oceans.' Newell’s ap-
proach was to balance a model tropical sea surface heat
budget using a bulk aerodynamic formula to represent
the behavior of the net longwave, evaporative, and sen-
sible heat losses as functions of SST. To close the sys-
tem, he further assumed the model tropical atmosphere

'"In an earlier study, Priestly (1966) concluded that evaporative
heat loss was the primary mechanism that curtailed the growth of
temperatures over moist, vegetated land surfaces.
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had clear skies and fixed values for air temperature
(27°C), relative humidity (70%), and wind speed
(3m s™'). The resulting heat budget balanced at about
30°-31°C and as expected was largely a balance be-
tween incoming solar radiation and outgoing latent heat
loss, with evaporation increasing rapidly with SST (see
his Fig. 5). This prompted Newell to conclude that
evaporation was the primary mechanism that limited
climatological SSTs to about 30°C.

A modification to Newell’s conclusion was made by
Graham and Barnett (1987) on the basis of their anal-
ysis of the relationship between large-scale tropical
deep convection and SST. They found a fairly rapid
increase in the intensity/frequency of deep convection
with SST in the range of about 26°-28°C that was fairly
widespread over the global tropical oceans (cf. Krueger
and Gray 1969; Gagdil et al. 1984). The ubiquitous
cloudiness generally associated with tropical deep con-
vection prompted them to modify the simplified model
of Newell to account for the cloudiness bound to be
present at such warm SSTs. They assumed that the ef-
fect of these cloud systems would result in a mean al-
bedo of about 30% and thus reduce the incoming solar
radiation in Newell’s model to a degree that the surface
energy budget balanced at about 28°C. This tempera-
ture coincided with the peak in their observed popu-
lation distribution of SST. From these results, they con-
cluded that cloud cover in addition to evaporative cool-
ing placed an upper limit on SST.

Significantly more attention turned to the issue after
Ramanathan and Collins (1991, hereafter referred to as
RC) hypothesized that solar shielding due to highly
reflective cirrus clouds was the primary limiting mech-
anism on SST growth and therefore acted as a *‘ther-
mostat’’ for the warmest tropical regions. Their hy-
pothesis was based on three premises. First, observa-
tions and model calculations show that the downward
longwave emission from the atmosphere to the surface
begins to grow at a faster rate than the upward long-
wave emission from the surface in the range of SST
greater than about 25°C. This is primarily due to in-
creased concentrations of, and enhanced radiation trap-
ping effects from, atmospheric water vapor (Raval and
Ramanathan 1989; Stephens and Greenwald 1991).
This phenomena is often referred to as the ‘‘super
greenhouse effect’’ and results in the longwave radia-
tion component ceasing to function as a negative feed-
back on SST growth in the upper range of tropical
SSTs. Second, RC found that local changes in top-of-
the-atmosphere, shortwave cloud forcing occurring in
association with tropical Pacific SST changes during
the 1985-87 El Nifio—Southern Oscillation (ENSO)
“‘cycle’’ indicated cloudiness could act as a negative
feedback with a magnitude of about —22 Wm2 K",
Third, RC argued that surface evaporation could not
function as a limiting mechanism in the warmest oceans
because evaporation adds moisture to the atmospheric
column and thus enhances the super greenhouse effect.
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RC also note that water vapor is actually imported into
the warmest ocean regions and that evaporation tends
to be low in these areas. Given these facts and infer-
ences, RC concluded that SST-induced changes in
highly reflective cirrus clouds (mainly thick cirrostra-
tus anvils) accounted for the negative feedback, which
limited SSTs to about 30°-32°C.

Following the ‘‘thermostat hypothesis’’ were many
studies that questioned it, or its range of applicability,
generally based on one or both of RC’s latter two prem-
ises. Most often critics argued 1) that surface evapo-
ration acts as the primary limiting mechanism and/or
2) that SSTs are coupled to cloudiness mainly through
large-scale dynamics, and therefore elements of the
three-dimensional circulation play a more important
role than is implied in RC’s hypothesis. These studies
took many forms, including heuristic arguments (Wal-
lace 1992), inferences from satellite data (e.g., Fu et
al. 1992; Arking and Ziskin 1994; Liu et al. 1994),
simplified model approaches (Hartmann and Michel-
sen 1993), and numerical model simulations (Lau et
al. 1994; Waliser et al. 1994). It is important to keep
in mind that in some of the studies above, part of their
conclusions related to the thermostat hypothesis are ac-
tually directed toward the regulating mechanisms of the
ENSO cycle and not necessarily the mechanisms that
limit the maximum SST. For example, both the Fu et
al. and Hartman and Michelson studies show that
ENSO-related changes in basin-averaged evaporation
over the Pacific can be significant, while basin-aver-
aged changes in shortwave cloud forcing (or its proxy)
are negligible. Similarly, Waliser et al. showed, using
forced and coupled numerical model simulations, that
SST-induced cloud shortwave feedbacks do not appear
to be critical to the first-order regulation of the ENSO
phenomena.

Waliser and Graham (1993, hereafter WG) exam-
ined the implications of the local relationship between
large-scale deep convection and SST in the regime of
very warm SST. With the advent of significantly more
data than was used in the Graham and Barnett study,
Waliser et al. (1993) resolved the high SST limit of
the relationship (SST > 29°C). They found that above
about 29.5°C the intensity/frequency of monthly av-
eraged deep convection decreases with increasing SST,
and thus the highest observed SSTs tend to be found
in areas or at times of suppressed deep convection.
From this result, along with the finding that suppressed
(enhanced) deep convection tends to be associated
with positive (negative) rates of SST change, WG con-
cluded that 1) when deep convection is suppressed in
warm-pool regions by atmospheric variability uncou-
pled to the local SST, areas of very warm SST (>30°C)
can form and 2) these high SSTs are unstable and lead
to probable increases in deep convection that cool the
SST through enhanced cloudiness and turbulent heat
exchange. Waliser and Graham also attempted to ad-
dress whether the convective perturbations to the sur-
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face shortwave or latent heat fluxes were larger and
concluded from limited data and a simplified surface
heat budget model that the cloud-shielding effect on
shortwave radiation appeared to dominate.

The above studies have focused a significant amount
of attention and effort onto the question of SST limiting
mechanisms, have led to some useful paradigms for its
consideration, and have led to some important and use-
ful advances in our understanding of tropical air—sea
interactions. However, there still remain deficiencies in
their content as a whole. First, virtually all the above
studies ignore ocean processes, at least as far as pro-
viding analysis of data or modeling its behavior. Sec-
ond, many of the studies have limited applicability be-
cause their conclusions were based on the analysis of
local relationships (e.g., RC, WG, Arking and Ziskin)
and therefore large-scale coupling and remote forcing
issues are not directly addressed. Meanwhile, the stud-
ies that do invoke the response/influence of the large-
scale circulation rely on little or no observed data con-
cerning the actual circulation but instead rely on simple
arguments, models, or proxy data such as satellite
cloudiness or radiation data (e.g., Wallace, Fu et al.,
WG, Hartman and Michelson). Third, as with any
study based on observations, many of the above have
limited applicability due to the amount, accuracy, and
sampling of the data used. Fortunately, the datasets ob-
tained by the recent Tropical Oceans and Global At-
mosphere Coupled Ocean—Atmosphere Research Ex-
periment (TOGA COARE) (1991) and Central Equa-
torial Pacific Experiment (CEPEX) (1992) field
programs will help address some of these deficiencies.

The present study of very warm SST and its limiting
mechanisms is an attempt to overcome some of the
above shortcomings by 1) considering aspects of the
ocean state and its circulation, 2) retaining the three-
dimensional character of the data in the analysis, and
3) incorporating as much applicable ‘‘data’’ as possible
from as many ‘‘platforms’’ as possible from the time
period 1970 to 1992 in order to reduce the reliance on
any one time period or dataset. The goal is to build a
comprehensive picture of the four-dimensional atmo-
sphere and ocean conditions associated with the for-
mation and decay of very high SST. Specific objectives
of the analysis are as follows:

¢ determine the spatial and temporal variability of
very high tropical SST

* investigate the mechanisms leading to suppressed
convective conditions, and thus the formation of very
high SST

* assess the relative roles of evaporation versus
cloud forcing in limiting SST

¢ examine the coupling between local and remote
forcing in both the production and the subsequent cool-
ing of high SST

¢ cxamine the evolution of the near-surface ocean

circulation during the formation and decay of very
high SST.
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The method involves compositing ocean and atmo-
sphere conditions from 30°N to 30°S using monthly
data based on a specific SST selection criteria: the oc-
currence of a widespread region of very high SST or
ocean ‘‘hot spot.”” Composites are produced for the
month(s) before, during, and after the occurrences of
these hot spots. Large-scale compositing is employed
in order to capture the basin-to-global-scale conditions,
as well as the local processes, that may be significant
to the formation/decay of areas of very high SST. In
the next section the data sources used in this study are
described. Section 3 discusses the method of analysis,
including the definition of an ocean hot spot. Section 4
presents the results. Section 5 concludes with a sum-
mary and discussion.

2. Data

Data for this study comes from a wide range of
sources. Each of the datasets used were provided in a
gridded format of monthly values, and each dataset’s
native grid format and resolution were retained in the
analysis. Monthly values were used throughout the
study and anomalies are taken about the annual cycle.
The annual cycle for each dataset was computed from
each dataset’s entire length. Figure 1 shows the tem-
poral coverage for each of the datasets used in this
study. The solid black lines indicate in-situ-based data,
the dark gray lines indicate satellite-based data, and the
light gray lines indicate model analysis fields.

The in-situ-based data consists of SST, Coupled
Ocean—Atmosphere Data Set (COADS), and The
Florida State University (FSU) wind stress product.
The SST is from the Climate Analysis Center and com-
bines an in situ measurement analysis from 1970 to
1981 with a blended analysis of satellite-derived and
in situ measurements from 1982 to 1992, each pro-
duced monthly on a global 2° X 2° grid (Reynolds
1988). The COADS (1985) dataset is made up of the
monthly summaries trimmed product from 1970 to
1992, which is produced on a global 2° X 2° grid. It is
used here to estimate variability in air—sea humidity
difference and air—sea humidity difference multiplied
by the local wind speed for the purposes of diagnosing
variability in surface latent heat flux. Surface wind
stress and wind speed fields were obtained from the
FSU monthly surface wind analysis. The output from
this analysis is in the form of a pseudostress on a 2°
X 2° grid. The Indian Ocean analysis is by Legler et
al. (1989), and the Pacific Ocean analysis is by Shriver
and O’Brien (1993).

The satellite-based data includes the highly reflective
clouds (HRC) and outgoing longwave radiation
(OLR) datasets, products from the International Sat-
ellite Cloud Climatology Project (ISCCP) and Earth
Radiation Budget Experiment (ERBE) datasets, along
with products derived from the ISCCP dataset and the
Microwave Sounding Unit (MSU) sensor.
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Fic. 1. Temporal coverage of the datasets used in this study. Solid black lines indicate in-situ-
based data, dark gray lines indicate satellite-based data, and light gray lines indicate model analysis

fields. See descriptions in section 2.

This ISCCP stage C2 dataset (Rossow and Schiffer
1991) contains monthly averages of derived cloud
types in terms of their frequency of occurrence, cloud-
top temperatures, and cloud-top pressures, along with
other auxiliary information and data products at 2.5°
resolution. All derived cloud types are based on cloud-
top pressure and optical thickness and are mutually ex-
clusive. For example, the deep convective cloud type
has been assigned to observations that have an optical
thickness greater than 23 and cloud-top pressure less
than 440 mb. This classification indicates very deep (or
thick ) clouds with high cloud tops. The individual clas-
sifications are assigned from daytime observations only
and have a sampling interval of 3 h. The specific C2
data examined in this study are the frequencies of the
high cloud types: deep convective, cirrostratus, cirrus.
The data used in this study extends from July 1983 to
December 1990.

The monthly HRC (Garcia 1985) dataset is derived
from a daily, binary indicator of the presence of orga-
nized deep convection based on the subjective analysis
of visible and infrared satellite mosaics (daytime only).
The infrared data is used as a proxy for cloud-top
height, and thus to indicate the presence of high cloud
tops, specifically convective systems. The visible in-
formation is used to exclude the large-scale cirrus
clouds associated with convective systems. The results
from this analysis are combined in the form of binary-
valued, daily ‘‘images’’ with 1° spatial resolution that
indicate regions where large-scale convection is present
between 25°N and 25°S and the years 1971 to 1987.
These daily images were then combined to form
monthly values on a 2° X 2° grid, for example, days
per month deep convection was present at each grid
point. In the sense that bright, high clouds are desig-
nated as HRC, this method is a subjective analog to the
objective approach used in defining ISCCP deep con-
vective clouds. The HRC has been shown to agree
fairly well with the ISCCP C2 deep convective index,
particularly in the deep Tropics (Waliser et al. 1993).

The OLR dataset was constructed by Horel and
Comejo-Garrido (1986) from daytime and nighttime
archived OLR estimations (in W m?), interpolated
onto a 2° X 2° grid between 30°N and 30°S for the
global Tropics, and then time averaged into 5-day
means; these were subsequently averaged in monthly
values. The dataset used in this study extends from June
1974 to May 1988 with gaps of 10 months during 1978
and 2 months during 1987. OLR is an estimate of the
total outgoing longwave radiation at the top of the at-
mosphere inferred from multiband satellite radiation
measurements (Gruber and Krueger 1984 ). It has been
used in many studies as an indicator of cloudiness over
the tropical oceans, particularly deep convective sys-
tems (e.g., Liebmann and Hartmann 1982; Rasmusson
and Wallace 1983; Graham and Barnett 1987; Lau and
Chan 1985).

The downwelling surface shortwave radiation is a
satellite-derived product based on the method of
Gautier et al. (1980) using the ISCCP stage C1 data.
The shortwave data is provided monthly on a global
2.5° X 2.5° grid from July 1984 to December 1989
(Wang 1994). ERBE data was used to obtained top-
of-the-atmosphere shortwave and longwave cloud-
forcing values (R. D. Cess 1994, personal communi-
cation). ERBE data extends from 1985 to 1989 and is
provided on a 2.5° X 2.5° grid. The ocean rainfall es-
timates were derived by Spencer (1993) using the
MSU channels 1, 2, and 3. Rain rate is diagnosed when
cloud water and rainwater induced radiometric warm-
ing of the channel 1 brightness temperatures exceeds a
cumulative frequency distribution threshold of 15% af-
ter correction for airmass temperature determined from
the channel 2 and 3 measurements. The monthly dataset
used here is produced on a global 2.5° X 2.5° grid and
extends between 1979 and 1991.

The model analysis fields include products from the
forecasting systems of both the National Meteorologi-
cal Center (NMC) and the European Center for Me-
dium-Range Weather Forecasts (ECMWEF). NMC’s
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monthly analysis product was used for the years 1979
and 1991. The data are provided on a global 2.5° X 2.5°
grid. Zonal, meridional, and vertical velocities, along
with temperature, were used in this study. Relative and
specific humidity were obtained from the ECMWF
monthly analysis for the years 1985 to 1991 (K. E.
Trenberth 1994, personal communication). For details
on the changes made to these assimulation systems over
most of the study period, see Trenberth and Olson
(1988). Three-dimensional ocean data were obtained
from the NMC ocean analysis system (Ji et al. 1995).
This ocean reanalysis begins in February 1982 and ex-
tends to the present and incorporates only thermal data
in the way of sea surface temperatures, ship of oppor-
tunity expendable bathythermographs (XBT), and
TOGA Tropical Atmosphere—Ocean (TAO) array data
(Hayes et al. 1991; McPhaden 1993). The model anal-
ysis is provided for the tropical Pacific, from 35°S to
45°N, 122.25°E to 71.25°W on a 1° X 1.5° (lat X long)
grid. Zonal and meridional wind stress and currents,
along with temperature and (diagnostic) sea level dis-
placement, were used for this study. Salinity was not
analyzed since observed freshwater fluxes are not spec-
ified in the assimulation procedure.

3. Methods

The analysis procedure can be broken down into two
parts: 1) identify occurrences of very warm sea surface
temperature, or ‘‘hot spots,”’ in the SST record, and 2)
composite the geophysical conditions associated with
the evolution of these hot spots.

a. Hot spot identification

The initial step was to identify an SST threshold to
use for the identification of ocean ‘‘hot spots.”” The
threshold was taken to be 29.75°C for two reasons.
First, this temperature comes very close to representing
an upper bound for climatological SST values from
monthly data for the tropical oceans. Second, it is also
near the lower limit of the regime where deep convec-
tion tends to decrease with increasing SST (Waliser et
al. 1993). The next step was to use this threshold to
identify and characterize ‘‘hot spots’’ in the SST rec-
ord. This was done by setting all grid points with SST
less than the threshold value to a ‘‘missing’” value.
Then each SST monthly map was analyzed using a re-
cussive searching algorithm to identify each individual,
self-contained region of high SST. Each region was
characterized by its 1) month of occurrence, 2) SST-
weighted mean latitude and longitude, 3) spatial area,
and 4) mean SST value. Figure 2 shows the total area
of ocean surface with temperature greater than or equal
t0 29.75°C that is accounted for by each size spot. This
figure was obtained by multiplying the number of oc-
currences of each size hot spot by the spot area. It in-
dicates that besides the preference for small spot sizes,
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FiG. 2. Histogram of total area accounted for by each size hot spot
in the SST record meeting the SST threshold criteria (>29.75°C; see
section 3). This histogram was produced by multiplying the number
of hot spots found for a given size times their area coverage. Dividing
the spot size value (x axis) by 5 gives the approximate number of 2°
X 2° SST pixels making up the hot spot. The solid line represents a
9-point box average of the individual points.

Size

owing to the relatively small deformation scale of the
ocean and the many landlocked or near-landlocked
regions, such as the Red Sea, there is a slight preference
for these spots to occur with a size on the order of 1.5
X 10® km®. This latter size corresponds more closely
to the square of the deformation scale of the atmosphere
rather than the ocean and indicates the key role the
atmosphere plays in helping to form these ocean hot
spots. To include only hot spots that are most likely
linked to large-scale atmospheric forcing, a threshold
of 1.0 X 10° km? was chosen as a minimum size for
an ocean hot spot. Thus, a hot spot in this study is
defined as a self-contained, connected region with SST
greater than or equal to 29.75°C and a minimum area
of 1.0 X 10°® km?.

Figure 3 shows a map of the 258 hot spot locations
that were extracted from the SST record using the
above procedures and criteria. As expected, the greatest
concentration of hot spots is in the western Pacific
warm-pool region. Other high-concentration regions
tend to be associated with monsoon regions, such as
the north Indian Ocean and off the northern coast of
Australia and the southern coast of Central America.
Additionally, there are a number of hot spots occurring
in the open ocean region of the northern tropical Pa-
cific.

b. Compositing procedure

Compositing is performed as follows: for each hot
spot occurring in the tropical western Pacific region
0°-10°S, 156°E—176°W, hereafter referred to as the
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FiGg. 3. Map showing all hot spots in the SST record meeting both the SST threshold criteria
(>29.75°C) and the size criteria (>10° km?; see section 3). Contours are every 1°C with the thick
contour line representing the 28°C contour. In this study, ocean and atmosphere conditions are
composited for the hot spots that occur in the rectangular ‘‘selection’” region (0°~10°S and 156°E-

176°W).

“‘selection region,”” the corresponding monthly and
monthly anomaly data between 30°N and 30°S for all
the ocean and atmospheric variables, if and where
available (see section 2 and Fig. 1), are extracted and
averaged. These averages are referred to as month = 0
conditions. To obtain a description of the temporal evo-
lution of these ocean hot spots, the conditions for the
months before and after the occurrence of the hot spot
are also extracted and averaged. These averages are
referred to as month = 1 and month = +1 conditions,
respectively. If a hot spot lasted more than one month,
that is, a hot spot occurred two months in a row in the
selection region, then each occurrence is averaged into
the month = 0 conditions and the month before (after)
the first (last) hot spot are averaged into the month
= 1 (+1) conditions. Given the varying time periods
of the datasets used in this study, this method of com-
posing will not always average exactly the same
months for all variables. For example, the composite
SST anomaly is made up of hot spots that occur be-
tween 1970 and 1991, while the composite 200-mb
wind, for example, is made of up of conditions with
hot spots between 1979 and 1991.

4. Results
a. Temporal variability

Figure 4a is a scatter diagram showing the size and
the month of occurrence for the ocean hot spots that
formed in the global tropical oceans (open) and in the
selection region (filled). This diagram shows that there
is a fairly pronounced interannual signature in the de-
velopment of these ocean hot spots, particularly those
with very large area. Especially evident are the impacts
from the La Niiias of 1974-76, 1985, and 1988-89,
which appear to reduce the number and size of hot spot
occurrences during those relatively cold ENSO
phases.? Figure 4b is a histogram showing the calendar

2 The fact that the SST record was only based on in situ data prior
to 1982, and therefore did not have the virtue of satellite coverage,
could play a role in the overall diminished number of hot spots ap-
pearing in the SST record during the 1970s.

months in which the hot spots occurred for both the
global tropical oceans (gray) and the selection region
(black). The histogram shows an obvious impact from
the annual cycle in the development of the ocean hot
spots. Southern Hemisphere summer is a favored time
for hot spot development in the selection region, while
globally, the months of April and May are preferred.
These global tendencies are most strongly influenced
by the preferred development of hot spots in the Indian
Ocean and the South China Sea prior to the onset of
the summer monsoon. Figure 4c¢ is a histogram showing
the number of times a hot spot persisting for a given
number of months occurred in the selection region. The
histogram indicates that the hot spots forming in the
selection region have a typical lifetime of about one
month, with several lasting two to three months, and a
few lasting up to several months.* These temporal char-
acteristics emphasize the significant role that multiple
timescales (interannual, annual, and monthly) have in
the formation and decay of very warm SST in the west-
ern Pacific warm pool.

b. SST and deep convection

Figure 5 shows the evolution of the large-scale, com-
posite, anomalous SST pattern associated with the
ocean hot spots occurring in the western Pacific selec-
tion region (i.e., those in the rectangle of Fig. 3 and the
filled markers/bars in Figs. 4a,b). The three panels
(a,b,c) show the month = —1, month = 0, and month
= +1 composites from top to bottom, respectively.
Shown to the right of each map is the number of
monthly observations in each composite’s average. The
selection region is plotted on each composite to facil-
itate comparisons of the different fields in the region of
greatest SST changes. The basin-scale pattern is similar
during each of the three phases of evolution (i.e.,
month = —1, 0, + 1) and appears to be consistent with
a weak ENSO warm phase (e.g., Philander 1991),

* The No El Nifio case in Fig. 4¢ (light bars) will be discussed in
section 4f.
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FiG. 4. (a) Scatter diagram showing the size and the month of occurrence for all ocean hot spots
(open) and those occurring in the selection region (0°-10°S, 156°E—176°W). (b) Histogram showing
calendar month of occurrence for hot spots shown in (a). (c) Histogram showing the number of hot
spots persisting for a given number of months in the selection region (black bars). Gray bars are
for all hot spots excluding those occurring in low Southern Oscillation (SO) index periods (see

section 4f).

which in turn is loosely consistent with the scatter di-
agram in Fig. 4a. This aspect of the composites, that is,
their relationship to ENSO, will be examined further in
section 4f. As expected, the most apparent variation in
the SST during the three ‘*‘months’’ is near the selection
region where the SST anomaly rises from about 0.1°C
during month = —1 to a maximum value of about
0.6°C during month = 0, and then cools back to about
—0.1°C. Data are presented in appendix A that illus-
trate the degree that these composite-to-composite
changes in SST (as well as the changes for many
other quantities discussed below) averaged over the
selection region are statistically significant. Note that
the histogram shown in Fig. 4b indicates that the cor-
responding composite total SST, or any other total
field (not shown), would be most consistent with a
Southern Hemisphere summer (December—Febru-
ary) pattern.

Figure 6 shows the evolution of anomalous HRC
and thus the large-scale deep convection pattern. In the
month = —1 composite, before the development of the
hot spot, there is anomalous positive deep convection
in the central and western Pacific, over the African and

South American landmasses, and the western Indian
Ocean. However, during the month(s) the hot spot oc-
curs (month = 0), much of this convection is sup-
pressed with slight positive anomalies occurring only
over parts of Africa and South America and the eastern
Indian Ocean. Finally, during the month after the oc-
currence of the hot spot (month = +1) there is a very
large positive anomaly of deep convection located di-
rectly over what was the ocean hot spot, an HRC anom-
aly that is about 30%-50% of the climatological
value during this time period (i.e., 3—6 days mo™':
Garcia 1985; Waliser and Gautier 1993), which as
mentioned above, corresponds most closely with
Southern Hemisphere summer. The evolution of the
MSU-derived rainfall (not shown) is consistent with
the HRC evolution shown in Fig. 5. The positive HRC
anomalies before and after the occurrence of the hot
spot are associated with rainfall anomalies of about
+60 and +85 mm mo ', respectively. The suppression
of deep convection occurring in the selection region
during the occurrence of the hot spot is associated
with about a —30 mm mo~' anomaly. The negative
anomalies in convection occurring in the eastern
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FiG. 5. (a) Composite anomalous SST for all the months: (a) just prior to (month = 1), (b) during
(month = 0), and (c) just after (month = +1) the occurrence of an ocean hot spot in the selection
region. Contour intervals are 0.1°C, and positive anomalies are shaded. Shown in the upper right of
each map is the number of monthly observations in each composite’s average. The rectangular
‘‘selection region’’ is plotted on each composite to facilitate comparisons between different com-
posites (see Fig. 3 and section 3b).

Indian Ocean during the month = =1 composites are There are three aspects in the above composites that

also associated with rainfall anomalies of about are particularly interesting to consider. First, the HRC

—30 mm mo~'. anomalies appear to be organized on a very large scale.
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FIG. 6. Same as Fig. 5 except for HRC; contour intervals are 0.2 days mo™".
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These global-scale patterns, along with the timescales
implied by Fig. 4c, suggest a link between the forma-
tion/decay of these ocean hot spots and the 30—60 day,
or Madden—Julian, oscillation (Madden and Julian
1971; Weickman 1983; Emanuel 1987; Lau and Chan
1988; Neelin and Yu 1993; Salby and Hendon 1994,
Hendon and Salby 1994). This link will be further in-
vestigated in sections 4d and 5. Second, the SST and
deep convection anomalies tend to be out of phase (i.e.,
180°) in the selection region. This out-of-phase rela-
tionship is consistent with the local relationship be-
tween very high SST (>29.5°C) and deep convection
discussed in the introduction where the inferences were
1) deep convection overall acts to cool the ocean sur-
face, 2) suppressing deep convection leads to very
warm, unstable, SSTs, and 3) any ensuing convection
will damp the SST back to ‘‘equilibrium’ values.
Third, does the enhanced precipitation over the selec-
tion occurring in the month = —1 composite impact the
surface mixed layer enough to predispose it to en-
hanced warming during the month = 0 composite? The
next two sections are meant to address two questions
concerning the first two of these inferences. First, what
is the relative strength of the convective perturbations
to the dominant heat flux terms that lead to the surface
heating and cooling? Second, what mechanisms lead to
the suppressed (enhanced) convective conditions that
are associated with the warm (cool) SSTs? The latter
question, concerning the role of the freshwater flux on
the surface mixed layer, is beyond the scope of this
study given the lack of data available to address this
issue.

c. Surface fluxes and cloudiness

As stated above and in the introduction, one of the
objectives of this study is to determine the components
of the ocean—atmosphere system that lead to hot spot
formation and decay. Those processes responsible for
the decay phase are the processes that most likely play
dominant roles in regulating and limiting tropical SSTs.
Figures 7, 8, and 9 present the composite evolution of
the surface wind speed, surface minus near-surface spe-
cific humidity difference, (Qs — Qa), and (Qs
— Qa) times surface wind speed, (Qs — Qa)W. The
latter represents a proxy for the surface latent heat flux.
Figures Alc and Ald indicate the statistical signifi-
cance of the composite to composite changes averaged
over the selection region. Figure 7 indicates modest
changes occurring in the spatial structure of the surface
wind speed anomaly in the selection region. In each of
the three phases, the wind anomaly is negative in the
eastern part of the selection region and positive in the
western part. During the warm month (month = 0),
the negative anomaly, which extends eastward from the
selection region into the central Pacific, has its largest
magnitude and spatial coverage (about —0.5 ms™').
In the month = +1 composite, the area and the mag-
nitude of this negative anomaly is curtailed in favor of
much stronger positive wind anomalies (about 0.5
m s~') over the western part of selection region, ex-
tending over most of the northern tropical western Pa-
cific. Note these changes in anomalous wind speed are
occurring in an area where the climatology is about 3—
4 ms~'. As will be evident in the 850-mb wind field
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shown in section 4d, these changes in wind speed struc-
ture in and near the selection region appear to be as-
sociated with the development of ‘‘westerly wind
bursts’’ linked to the enhanced deep convection occur-
ring during this phase.

Figure 8 shows the evolution of the specific humidity
difference (Qs — Qa). Most apparent is the positive
anomaly, as great as 0.5 g, kg,', in the month
= 0 composite in the selection region, where mean val-
ues are about 6 g, kg.'. This (Q@s — Qa) anomaly is
less than would be expected if Qa was assumed con-
stant and the SST changed in accordance with Fig. 5.
In this case, Qs would change by about 0.9 g, kg™ (for
SST change of 0.6°C). Therefore, there is a corre-
sponding increase in Qa as well of about 0.4 g, kg™".
Comparing Figs. 7 and 8 shows that this positive (Qs
— Qa) anomaly is nearly collocated with the broadened
negative wind speed anomaly; thus, we might expect
much of a net change in the evaporation in this area.
Moreover, the enhanced structure of positive wind
speed anomalies in the western portion of the selection
region in the month +1 composite are not associated
with any significant anomalies in (@s — Qa), and thus
we might not expect to see dramatic changes in the
surface latent heat flux.

Figure 9 shows the evolution of the specific humidity
difference times the local wind speed [(Qs — Qa)W;
the average of the products, not the product of the av-
erages ]. While this is a very noisy field with very little
coherent structure, the figure suggests that the slightly
lower wind speeds and higher (Qs — Qa) values in the
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month = 0 composite end up offsetting each other, re-
sulting in almost no (Qs — Qa)W anomaly during the
occurrence of the hot spot. In the month = +1 com-
posite, the higher (lower) wind speeds in the central/
western (eastern ) portion of the selection region appear
to produce (Qs — Qa)W anomalies of the same sign
with magnitudes of about =2 g, m kg;'s™' (mean
values are about 30 g, kg;'). The magnitude of the
surface evaporation anomalies can be estimated by us-
ing the bulk aerodynamic formula [ LoCx(Qs — Qa) W,
where L = 2.5 J kg,'] by assuming values for the near-
surface air density (p ~ 1.2 kg, m™*) and exchange
coefficient (Cz ~ 1-2 X 107*). Multiplying the peak
(Qs — Qa)W anomalies in the selection region of Fig.
9c by the quantity (LpCr =3-6 X 10* J kg, kg,;' m™)
gives an estimate of monthly evaporation anomalies of
between =3 and 12 W m™2. While these perturbations
magnitudes are consistent with the averaged effects due
to disturbed versus undisturbed conditions found in the
western Pacific by Young et al. (1992), the signifi-
cance levels presented in appendix A indicate that these
composite-to-composite changes averaged over the se-
lection region (Fig. Alc) do not represent statistically
significant changes owing to the high variance and poor
sampling of the (Qs — Qa) W quantity.

The other important component of the surface energy
budget to most likely undergo significant perturbations
is the downwelling surface shortwave radiation (SW).
Figure 10 shows the evolution of the anomalous SW.
From the maps of HRC evolution in Fig. 6, we would
expect enhanced SW during the month(s) of the hot
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Fic. 8. Same as Fig. 5 except for Us — Qa; contour intervals are 0.2 g, kg, '. The number of
monthly observations (N) in this case only represents those locations that are sampled every month

in the COADS data.
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FiG. 9. Same as Fig. 8 except for (s — Qa) W; contour intervals are 2 g, mkg, "' s™".

spot, when convection is suppressed, and decreased
SW before and after the occurrence of the hot spot,
particularly in the month = +1 composite. As the di-
agram indicates, the selection region experiences slight
enhancements of downwelling SW, of only a few
W m™2, over about two-thirds of the domain, and re-
duced shortwave in the northern branch of the inter-

a) Month = —1 Surface

tropical convergence zone (ITCZ). Note that the SW
dataset covers a different time period than the HRC and
therefore is compositing over a different set of hot spot
occurrences (see ISCCP discussion below). Consistent
with our expectations, the monthly averaged SW is re-
duced in the month = +1 composite over most of the
selection region by up to 25 W m™2, This figure is also

Shortwave N= 8

+1

c) Month

180 60W

FiG. 10. Same as Fig. 5 except for downwelling surface shortwave radiation;

-2

contour intervals are 5 W m™2,
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consistent with the maps for top-of-the-atmosphere
shortwave cloud forcing from ERBE (not shown).
The results in Figs. 5, 6, 9, and 10, indicate that the
SW flux undergoes significantly greater monthly av-
eraged changes during the evolution of ocean hot spots
than the surface latent heat flux. In fact, the data ana-
lyzed here suggest that the perturbations in SW, in-
duced by the changing convective conditions, are at
least a factor of 2 larger than the perturbations in evap-
oration. Given the manner in which the composite hot
spot evolution is presented, the question arises, is the
SST cooling observed between the month = 0 and the
month = +1 composites attributable to these convec-
tion-induced flux changes? The formal approach to this
question would entail applying a difference scheme to
the SST composites and comparing this to the average
“‘fluxes’’ across this time period. However, in this case,
such a procedure would lead to misleading results since
the average anomalies of the dominant surface heat
fluxes (SW + latent) across the month = —1,0 com-
posites are roughly the same as that across the month
= 0, +1 composites, yet the SST increased over the
first time period and decreased over the second. Given
that the standard deviation of daily averaged SST in
this region is similar in magnitude to the ‘‘monthly’’
changes being discussed here (Weller and Anderson
1995), the production and maintenance of the sustained
high SST in the month = 0 composite is very likely the
result of the prolonged reduction in convection during
this period and possibly the influence of the enhanced
fresh water flux occurring in the month = —1 period.
Likewise, the decay of this warm SST and the main-
tenance of the relatively cool SST during the month

= +1 composite must be, at least in part, due to the
prolonged and/or intense convective conditions occur-
ring during this period.

The evolution of the OLR is shown in Fig. 11. In the
warm Tropics, anomalies in OLR mainly reflect vari-
ations in high clouds. Therefore, there should be a high
degree of consistency with the HRC composites shown
in Fig. 6. The main difference between the two figures
is that variations in OLR are smoother and have larger
spatial scales. The evolution of the cloud field as di-
agnosed from ISCCP helps elucidate the cloud types
responsible for these broad scales as well as those re-
sponsible for the changes to the SW discussed above.
The evolution of the deep convective clouds (not
shown) is very similar to that for the HRC (shown in
Fig. 6), with the most apparent difference being an
indication of an enhanced (diminished) northern
(southern) ITCZ branch similar to the month = 0 SW
map (Fig. 10b). Presumably this feature is not as ap-
parent in the HRC composites due to the longer time
series for HRC, which averages over more hot spot
occurrences (N = 24, 46, 23 for HRC; N = 10, 18, 19
for ISCCP). This suggests that this north—south ‘‘di-
pole”’ feature in and to the north of the selection region
of the SW composites may not be ubiquitous to the
formation of all hot spots. In fact, the composites dis-
cussed in section 4f indicate this feature stems from
particular hot spots associated with the 1986—87 El
Nifio. Deep convective cloud anomalies in the month
= +1 composites over the selection region range up to
+8%; a region where the typical climatological values
range between about 3% and 19%. Another slight dif-
ference is the occurrence of a negative anomaly in deep
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FiG. 12. Same as Fig. 5 except for 200-mb wind field. Contours are horizontal divergence anom-
alies; contour intervals are 0.2 X 107® s~'. Vectors are horizontal wind anomalies (in m s™'). The
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same for all three composites.

convection over equatorial Africa in the ISCCP product
versus the slight positive one in the HRC. The evolu-
tion of cirrostratus clouds, which are defined as having
cloud-top pressures less than 440 mb and an optical
thickness between about 7 and 23, are very similar to
the evolution of deep convection clouds, with nearly
the same magnitudes but slightly larger spatial scales
of variation. ISCCP cirrus clouds are defined as having
cloud-top pressures less than 440 mb and optical
thickness less than about 7. As expected, the cirrus
cloud anomalies have even broader spatial scales with
the largest positive anomalies collocated, or nearly so,
with regions of positive anomalous convection, such as
over the selection region in the month prior to, and
after, the occurrence of the hot spots. This region of
anomalous cirrus cloud extends to the west and north-
west of the selection region in the month = +1 com-
posite, nearly to 120°E. Figure 6, as well as the ISCCP
deep convection (not shown), each show that deep
convection is anomalously low over this region. There-
fore, it is likely that these cirrus clouds are generated
to the east and transported westward by the upper-level
flow.

d. Atmospheric circulation

Figure 12 shows the composite 200-mb vector wind
field overlaid on the 200-mb horizontal wind conver-

gence. Indeed, the anomalous upper-level flow is west-
ward over much of the selection region and beyond
during all three phases. This would account for the
westward cirrus outflow from the positive anomalies in
deep convection observed in the selection region during
the months prior to, and after, the occurrence of the hot
spot. As expected, Figs. 12a and 12¢ also show strong
upper-level divergence anomalies coincident with the
deep convective cirrus outflow anomalies near the se-
lection region. Each of these composites also indicate
enhanced upper-level convergence anomalies to the
west, directly over the maritime continent, that corre-
spond, particularly in the month = +1 composite, to
weakened deep convection. These two phases (month
= *1) each show anomalous upper-level westerlies
from the Atlantic to the central Indian Oceans. This is
likely a consequence of the positive (negative) deep
convective anomalies over Africa and South America
(eastern Indian Ocean). During the month(s) the hot
spot occurs, most of the upper-level anomalous struc-
ture disappears, except for the formation of anomalous
easterlies extending from the western to the central Pa-
cific. This weakening of the Walker circulation is con-
sistent with anomalous suppression of convection in the
selection region shown in Fig. 6b and of the large-scale
warm ENSO-like conditions that are present.

Figure 13 shows the 850-mb wind field. As expected,
most features are anticorrelated with those at 200 mb.
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During the months before and after the hot spot occur-
rence, when positive anomalies in convection are pres-
ent in and near the selection region, there are conver-
gence anomalies coincident with these same regions.
These correspond more closely to the convection cen-
ters than do the divergence anomalies aloft, which are
displaced westward. The low-level winds in these
months show anomalous westerlies, consistent with
westerly wind burst conditions and the increased sur-
face wind speed observed over the western portion of
the selection region shown in Figs. 7a and 7c. Figure
Ald shows the degree these composite to composite
changes averaged over the selection region are statis-
tically significant. As with the 200-mb wind pattern,
the 850-mb month = 0 map shows almost no anoma-
lous pattern. Note that while the deep convection anom-
aly, as represented by the HRC, is much stronger in the
month = +1 than the month = —1 composite, the 850-
mb convergence anomaly is weaker in the month = +1
composite.

Figure 14 shows longitude—height circulation com-
posites averaged between 2°N and 12°S. The vertical
and horizontal vectors show anomalous vertical and
zonal velocity, respectively, and the contours show
anomalous horizontal convergence. The two vertical
lines show the longitude boundaries of the selection
region. Consistent with previous figures, Fig. 14 shows
strong vertical velocity anomalies (~10 mb day™') in
the month = +1 composites associated with the en-
hanced deep convection. Enhanced vertical motion is
also seen in these same composites over the South
American continent and to some degree over Africa

and the west Indian Ocean. Enhanced subsidence as-
sociated with large regions of anomalous upper-level
convergence is observed in the month = +1 composites
over the maritime continent. In the month = 0 com-
posite, the conditions are fairly benign, with modest
upper-level convergence and subsidence on the eastern
edge and to the west of the selection region. These
regions of enhanced subsidence presumably contribute
to the diminished convection observed in the selection
region during the occurrence of the hot spot. During
this period, there are also modest westward anomalies
in the upper-level flow across most of the Pacific basin.
The month = +1 composite also shows that the max-
imum convergence anomaly over the selection region
is displaced upward to the 500—700-mb layer and, as
mentioned above, is not as evident at the 850-mb layer.

The corresponding pressure—longitude composite of
temperature anomaly (not shown) indicates many sim-
ilarities between the three phases. In general, each has
positive upper-level (p < 600 mb) temperature anom-
alies, positive low-level temperature anomalies over
most of the Pacific basin, and negative low-level anom-
alies from South America eastward to about 160°E with
particularly strong negative anomalies (~1.2°C) over
Africa and South America. The upper-level anomaly
strength ranges from about 0.0°-0.3°C, 0.0°-0.1°C,
and 0.1°-0.5°C for the month = —1,0,+1 composites,
respectively, with the strongest anomalies occurring
over Africa and the Pacific Ocean, particularly in the
month = 41 composite. Over the eastern portion of the
selection region, the low-level anomalies are about
—0.3°C with the negative anomaly extending farthest
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extent of selection region.

east (180°) and upward (~600 mb) during the month
= +1 composite. During the month = 0 composite, the
temperature anomaly is fairly homogeneous from 700
mb and up, with a slight warming (~0.1°C) occurring
over the Pacific basin.

Figure 15 shows the relative humidity pressure—lon-
gitude composites, which show considerable changes
during the course of the three phases. Most noticeable
is the development of a weak large-scale dry anomaly
during the month = 0 composite from the surface to
midlevels over most of the selection region and to the
east. This region of drying corresponds to the slight
subsidence observed in the zonal circulation composite
of Fig. 14b, and likely contributes to the depressed con-
vective conditions observed during the month = 0 com-
posite. Intense drying (—1% to —6%) is also observed
in the regions over the maritime continent exhibiting
anomalous subsidence, especially in the month = *1
composites. The reduced drying observed in this same
region in the month = 0 composite is likely due to the
modest enhancement of convection in this region dur-
ing this phase of the evolution. In the months before
and after the occurrence of the hot spot, positive mid-
and upper-level anomalies in relative humidity, up to
8% in the month = +1 composite, develop in and near

the selection region. As indicated above, this moisten-
ing is associated with positive anomalies in deep con-
vection and is coupled with positive temperature anom-
alies, and therefore indicates more absolute water
vapor.

Composites of the anomalous meridional circulation
(not shown) averaged between 156°E and 176°W are
consistent with the previous view showing strong up-
per-level divergence anomalies (peak values ~0.5
X 107®s~"), particularly in the month = *1 com-
posites, coupled with low-level convergence (~0.2
X 107%s71). Again, the low-level convergence anom-
aly is shifted up from about 850 mb in the month
= —1 composite to about 600 mb in the month = +1
composite. Associated with this enhanced convergence
at 600 mb are positive convergence anomalies (~0.2
X 107%s7") at the 1000-mb level, at about 10°N and
15°S, with weak divergence in between. Each of the
composites show an enhancement of the southern
branch of a two-celled Hadley-type structure, with a
strong development of the northerly branch occurring
over the course of the three phases.

The corresponding pressure—latitude composites of
temperature are shown in Fig. 16. The temperature
anomaly patterns each show anomalous warming
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throughout the domain except near the surface pole-
ward of 10°. This is consistent with the overall mean
tropical SST warming observed in Fig. 5 and the ten-
dency for enhanced deep convection in and near the
selection region, particularly before and after the oc-
currence of the hot spot. The month = 0 positive anom-
alies are on the order of 0.1°-0.2°C, while those of the
month = =1 composites range from 0.2° up to 0.6°C.
The temperature anomaly in the near-equatorial, near-
surface region disappears in the month = +1 compos-
ite. This could be due to the transport of cooler air from
the subtropics or from the region to the west, each of
which exhibit negative temperature anomalies. It could
be also be due to enhanced vertical exchange from the
increase deep convection. In any case, Fig. 16¢ indi-
cates that a fraction of the heat removed from the sur-
face layers of the ocean goes into heating the upper
troposphere by up to 0.5°C. The associated pressure—
latitude composites of relative humidity (not shown)
indicate many of the same features discussed above
(Fig. 15). During the month = *1 composites, there
are positive relative humidity anomalies between 20°S
and 15°N at the surface extending up to 15°S and 20°N
at 200 mb. The anomalies range from about 1% at 900
mb and increase approximately linearly upward to
about 5% at 200 mb. There are areas of drying outside
of this region extending from the surface to 200 mb,
which are generally consistent with the regions of
anomalous subsidence shown in meridional circulation
composite (not shown). During the month = 0 com-
posite, the pattern changes considerably to one with

low-level drying throughout the lower troposphere, of
about 1%, with a particularly pronounced negative
anomaly extending from the surface to 400 mb and
from the equator to about 10°S, with a —2% maximum
at about 850 mb and a —3% maximum at about 500
mb. The statistical significance of the changes that oc-
cur at 500 mb is illustrated in Fig. Ale. The degree of
upper-level moistening in the month = 0 composite is
generally between +2% in the Southern Hemisphere
and +3% in the Northern Hemisphere at about 300 mb
and above.

As discussed near the beginning of this section, the
global-scale organization of the deep convection pat-
tern, along with the typical timescale of formation and
decay of the ocean hot spots, suggests a possible link
to the 30—60 day oscillation. Reexamination of the
HRC composites show that the month = *1 compos-
ites have a wavenumber 2 modulation to them with
convection enhanced near the selection region as well
as over the longitudes near Africa and South America.
The month = 0 composite has a weak dipole feature in
convection with suppressed convection over the selec-
tion region and enhanced convection over the eastern
Indian Ocean, in addition to enhanced convection over
South America. These HRC anomaly patterns along
with the associated 250- and 850-mb wind patterns
show some similarity to certain phases of the composite
Madden —Julian oscillation (MJO) constructed by Hen-
don and Salby (1994, hereafter HS) using daily data
filtered to select timescales of 35-90 days and wave-
numbers 1-3. Most similar are the month = +1 com-
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FIG. 16. Same as Fig. 5 except for composite temperature anom-
alies as a function of pressure and latitude; contour intervals are
0.1°C. Longitude averages were computed between 156°E and
176°W.

posites presented here and the ‘‘lag = 25 day”’ com-
posites of HS (shifted eastward by about 20°). In this
phase of the MJO, the principal convection center has
already propagated from the African continent across
the Indian Ocean to the western Pacific. That the life-
time of these ocean hot spots is one month would sug-
gest that by traversing back 30 days in the HS com-
posites, that is, to ‘‘lag = —5 days,”’ is analogous to
the month = 0 composite presented here. With respect
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to the convection field, this is partially true in that it
tends to be enhanced in the Indian Ocean and sup-
pressed in the western Pacific with some upper-level
convergence near the date line. However, most other
aspects of the composites do not match that well. The
month = —1 composites have some resemblance to the
HS ““lag = —15 day’’ composite, when the MJO has a
strong wavenumber 2 pattern, as well as to their ‘‘lag
= 25 day”’ composite.

These results indicate a possible link between the
MIJO and the formation/decay of the ocean hot spots.
First, the spatial organization induced by the MJO leads
to regions of anomalous subsidence, which are favored
regions for hot spot formation. Second, the eastward
motion of the MJO eventually carries a zone of anom-
alous low-level convergence and positive vertical mo-
tion into the high SST region to initiate/enhance the
decay of the ocean hot spot. The remarkable similarity
of the month = +1 composites presented here and in
the later phases of the HS composites indicates that
many hot spots do tend to dissipate in association with
MJO phases that place enhanced deep convection over
the western Pacific. While there is reduced similarity
between the month = 0 composites and the earlier MJO
phases identified by HS, this study’s data were not fil-
tered to select only intraseasonal variability, as was
done in HS, and the associated MJO variability is likely
being masked by episodes of strong interannual vari-
ability. Furthermore, the selection criteria and compos-
iting methods used here allow for several sequential
months to be composited together (e.g., Fig. 4c),
which could average together more than one phase of
an MJO. This latter point emphasizes that the MJO, and
its associated timescale, is not the only important pro-
cess involved, and that longer timescales and possibly
ocean processes are probably important as well.

e. Composite ocean

The previous section described the evolution of the
atmospheric conditions associated with the develop-
ment and decay of very warm SST in the western Pa-
cific Ocean. This section uses the results from the NMC
ocean analysis system to examine the evolution of the
three-dimensional structure of the ocean. Figure 17
shows the surface wind stress fields used to force the
model and the resulting anomalous sea level. The con-
tours represent sea level and the vectors represent sur-
face wind stress. The large-scale patterns of surface
stress, sea level, and divergence (not shown), which
are similar in each phase, are consistent with the modest
El Nifio phase observed in the SST composites (Fig.
5). There are negative (positive ) anomalies in sea level
in the western (central and eastern) Pacific, strong
westerly wind stress anomalies along the equator be-
tween about 140°E and 150°W, and a strong surface
convergence anomaly (not shown) along the equator
in nearly this same longitude range. During the month
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Fic. 17. Same as Fig. 5 except for ocean-surface wind stress and sea level. Contours are sea
level anomalies; contour intervals are 1 cm. Vectors are horizontal wind stress anomalies in dy-
nes cm ™2, with the scale given at the bottom of the figure. The scaling vectors show the minimum
and maximum vectors occurring in each of the individual composites; however, the vector scaling

is the same for all three composites.

= 0 composite, there is a positive sea level anomaly
nearly coincident with the selection region, and thus
the maximum SST anomaly. The temperature anomaly
composites discussed below suggest this sea level
anomaly can be attributed mostly to steric height anom-
alies. The month = 0 composite also tends to have the
weakest westerly wind stress and equatorial conver-
gence anomalies (not shown) out of the three phases.

Figure 18 shows the composite meridional cross sec-
tions of ocean temperature anomaly, averaged across
the selection region. These indicate a near-surface tem-
perature (5 m) evolution similar to that shown by the

SST in Fig. 5. However, the figure also indicates that
during the course of the (surface) hot spot evolution,
the selection region undergoes temperature anomaly
fluctuations that extend down beyond 200 m in depth.
These fluctuations are confined generally southward of
about 5°N, where a warm anomaly in the month = —~1
composite extends from the surface to about 100 m,
grows in magnitude and depth in the month = 0 com-
posite, and then nearly disappears in the month = +1
composite. Throughout this evolution, there is a sta-
tionary cold anomaly at about 8°N extending from
about 70—200 m with a magnitude as large as —0.8°C.
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Fic. 18. Same as Fig. 5 except for depth—latitude composites of
ocean temperature anomalies; contours intervals are 0.2°C. Longitude
averages were computed between 156°E and 176°W. Note the depth
coordinate scale matches the model vertical grid and therefore ap-
pears stretched. Vertical lines denote the latitude extent of selection
region.

Estimates of the heat content for the selection region
down to 720 m provide an estimate of the heat flux
anomalies that are required to induce the indicated tem-
perature changes. Assuming that changes between the
month = 0 and month = +1 composites occur over the
time period of one month suggests that the required
heat flux is on the order of —190 W m™ for the selec-
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tion region. These results, and those earlier pertaining
to the surface heat budget, suggest that ocean heat
transport and/or ocean mixing are playing a nonnegli-
gible role in the evolution of the upper-layer surface
heat budget in these regions during these time periods.
In fact, the perturbations to the surface shortwave and
evaporation discussed earlier are really only consistent
with the changes in temperature occurring over about
the upper 80 m. In the next section it is shown that this
heat balance is strongly modified by the presence of El
Nifio—type conditions in these composites.

Zonal Velocity
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FiG. 19. Same as Fig. 18 except for zonal velocity;
contour intervals are 2 cm s™'.
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Meridional Velocity
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FiG. 20. Same as Fig. 18 except for meridional velocity;
contour intervals are 0.5 cm s~

Figures 19 and 20 show depth—latitude composites
of anomalous zonal and meridional velocity, respec-
tively. Among all three composites there is anomalous
convergent meridional velocity near the surface at the
equator and divergent velocity at about 80 m (each
about 1-2 cm s~'). However, the strength of these
anomalous meridional circulation cells is significantly
reduced during the month = 0 composite and then en-
hanced again during the month = +1 composites, pre-
sumably due to the evolving near-equatorial wind stress
and sea level patterns discussed above. Figure 19 shows
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positive zonal velocity anomalies, of about 2—8 cm s ™'
extending from the surface at the equator down to about
100 m at 5°N. Developing during the month (s) the hot
spot occurs is an easterly zonal current anomaly of
about 6 cm s™' at about 100 m, extending from the
equator to about 6°S. The statistical significance of the
changes in zonal velocity anomaly that occur at 60 m
is illustrated in Fig. Ale. Composite meridional cross
sections of anomalous horizontal convergence (not
shown) indicate that the largest contributions are made
by the meridional velocity (i.e., dv/dy) and that the
largest anomalies are contained in the upper 20 m.
However, there are weaker divergence anomalies at
depth in the month = *1 composites on the equator
with magnitudes of about 0.5-1.0 X 107® s~'. These
extend from about 25 m down to 100 m. A secondary
divergence maximum occurs at about 300 m in the
month = +1 composite, which is more directly related
to contributions from the zonal velocity.

While the NMC ocean assimilation product de-
scribed above does not include sufficient information
to address the absolute impact of the near-surface, in-
ternal ocean heat flux changes,* it does illustrate that
the ocean, as well as the atmosphere, is evolving rap-
idly during the formation and decay of these ocean hot
spots. This suggests that the ocean component is far
from an inert, surface mixed layer of constant depth
that is often invoked in many studies addressing limi-
ting mechanisms on SST. In fact, the next section il-
lustrates that with respect to the formation and decay
of hot spots, the ocean is significantly more sensitive

4 Only monthly mean quantities are provided with no information
on eddy transports. Moreover, since the model is run in assimilation
mode, there are artificial heat sources/sinks that are not represented
by the elementary terms.
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FiG. 21. Time series of Southern Oscillation index (SOI; solid line)
along with scatter diagram showing the sizes and months of occur-
rence of the hot spots from the western Pacific warm-pool selection
region. These points (filled and open) are the same points as the filled
diamonds in Fig. 2. In this plot, the filled circles indicate hot spots
occurring during low SOI phases (e.g., El Nifio) phases. The SOI was
smoothed using a 5-month box-car filter.
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FiG. 22. Same as Fig. 5 except the composites do not include the hot spots
indicated by the filled circles in Fig. 21.

than the atmosphere to the interannual state of the
system.

Jf. ENSO influence

The discussion of temporal variability of hot spot
formation in the western Pacific in section 4a, along
with the atmosphere and ocean composites discussed
above, indicates that ENSO dynamics and thermody-
namics may play some role in the frequency of very
warm water formation and possibly in the manner it
decays. Specifically, the overall composite, mean-
anomalous structures, particularly that of SST, look
similar to climate anomalies associated with a weak but
warm ENSO phase. Figure 21 shows a smoothed time
series of the Southern Oscillation index (SOI) for the
analysis period. Replotted on this graph, as a scatter
diagram, are the months of occurrence and sizes of the
hot spots that occurred in the selection region, that is,
all the same points that were plotted as filled markers
in Fig. 4b. In this case, however, the filled markers are
hot spots forming in the selection region during a warm
ENSO time period and thus are those hot spots that are
most likely contributing to the large-scale, weak El
Nifio pattern observed for example in Fig. 5. The se-
lection criteria for these points is any hot spot that
formed during a month when the SOI fell below —0.5
during a sustained ENSO event in which the index at
some point dropped below —1.0. Evident from this fig-
ure is the fact that many of the hot spots form during
time periods that are not associated with an El Nifio
period, but few form during time periods that are as-

sociated with a La Nifia period. This section describes
the composite patterns when these ‘‘El Nifio’’ hot spots
are removed from the averaging procedure, hereafter
ENR composites, to illustrate what aspects are modified
from the composites described above with all the hot
spots included, hereafter AHS composites.

Figures 22 and 23 are analogous to Figs. 5 and 6,
respectively, but for the composites in which the low
SOI hot spots have been removed from the averages.
Analogous to Fig. Ala, Fig. Alf shows the statistical
significance of the corresponding changes that occur in
SST and HRC averaged over the selection region. As
expected, the overall SST anomaly pattern is now bi-
ased more toward a weak La Nifia condition with cold
anomalies along the equator, particularly in the central
and eastern Pacific. The SST anomaly in the selection
region is slightly cooler in all three composites than for
the AHS case, not getting quite as warm in the month
= 0 composite and cooling slightly more in the month
= +1 composite. The HRC patterns for the ENR com-
posites still show evidence of the same large-scale or-
ganization. While the positive anomaly in HRC in the
month = —1 composite has been shifted west by about
30°, evidence from other fields suggest that there is still
enhanced vertical motion over much of the selection
region with divergence occurring at midlevels rather
than upper levels (e.g., enhanced midlevel rather than
high clouds). The month = O composite retains the
qualitative pattern of anomalously high convection
over the eastern Indian Ocean and suppressed convec-
tion over the selection region. In this case, however,
each of the anomalies is enhanced over the AHS case.
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FiG. 23. Same as Fig. 6 except the composites do not include the hot spots
indicated by the filled circles in Fig. 21.

The month = +1 composite is the most similar of the
three composites to the AHS case, with the main dif-
ference that the dipole pattern in convection between
the anomalously low values over the Indian Ocean and
the high values over the selection region is shifted
slightly westward. Finally, in all three composites,
much of the equatorial Pacific basin east of the selec-
tion region exhibits anomalously low convection.

In the interest of space, plots of the other ENR com-
posites will not be shown but will be discussed briefly
to highlight their main differences from the AHS com-
posites. With regard to the surface fluxes, the negative
wind speed anomalies tend to be stronger and envelope
more of the selection region area. This leads to reduced
(Qs — Qa)W anomalies in the month = +1 composite
(cf. Fig. 9); less (more) area of positive (negative)
anomalies near the western (eastern) half of the selec-
tion region. The ENR composites show a relative in-
crease in the area and magnitude of the positive short-
wave anomalies over the selection region in the month
= 0 composite, with values over 10 W m~2. This com-
posite also reveals that the removal of the El Nifio hot
spots-results in the removal of the north—south dipole
anomaly associated with the ITCZ in, and to the north
of, the selection region of Fig. 10b and indicates that
this feature was mostly the result of specific hot spots
that occurred in association with the 1986—87 El Nifio.
The month = +1 SW composite is very similar to the
AHS case over most regions, with the reductions in SW
during this period of about 20 W m™>.

Inspection of the dynamic fields, such as the zonal
and meridional circulation composites (cf. Figs. 14)

along with the 200- and 850-mb wind fields (cf. Figs.
12 and 13), indicates that the spatial locations of the
upper- and lower-level divergence patterns are largely
the same, with the primary exception being that peak
anomalies in and near the selection region are displaced
slightly westward. Further, the strength of most of the
anomalies has increased, particularly in the case of the
subsidence region near the eastern portion of the selec-
tion region during the month = 0 composite. Pressure—
longitude composites of temperature anomalies gen-
erally indicate a relative cooling at lower levels, partic-
ularly over the Pacific basin, while the relative
humidity composites indicate significant drying rela-
tive to the AHS composites over most of the mid-to-
upper troposphere. This drying extends down to the
surface over most of the Pacific, with particularly
strong anomalies (up to —4% ) near the eastern portion
of the selection region.

The composites described above indicate that while
removing the El Nifio—period hot spots did alter some
large-scale aspects of the atmospheric composites, it
left the overall temporal and spatial relationships be-
tween the variables the same, particularly with respect
to the large-scale organization of deep convection
(HRC) and the relationship between deep convection
and SST in and near the selection region. However,
many aspects of the ocean composites changed consid-
erably. Fundamental differences include a shift to gen-
erally positive sea level anomalies in the west and neg-
ative anomalies in the east, an overall increase in the
magnitude of the South Equatorial Current, and a re-
versal from anomalous surface convergence along the
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equator in the AHS case to anomalous divergence.
These changes are all associated with the surface zonal
wind stress changing from westerly stress anomalies in
the AHS cases to enhanced easterly stress in the ENR
cases. One difference to note is that while the sea level
anomaly in the selection region disappeared in the
month = +1 AHS composite, presumably due to the
cooling that was observed to occur over depth (Fig.
18), the sea level anomaly in the ENR month = +1
composite remains. The temperature—depth compos-
ites show that the warm anomaly is not reduced at depth
in the ENR month = +1 composite and that the cooling
only reaches to about 50 m. Again, the estimated per-
turbations to the SW and evaporation are consistent
with the heat content anomalies in the upper 100 m or
so. Associated with these differences in the large-scale
surface fields are corresponding changes in the merid-
ional circulation. For example, the anomalous meridi-
onal circulation ‘‘cells’’ evident in Fig. 20 have re-
versed; however, the relative changes in the
near-surface circulation between the composites is sim-
ilar. The positive zonal velocity anomalies extending
from the surface down to about 100 m in each of the
composites of Fig. 19 has generally disappeared, al-
though the development of a negative anomaly in the
equatorial undercurrent during the month = 0 compos-
ite still occurs and even remains during the month
= +1 composite.

The differences between the composites with and
without the warm ENSO-phase hot spots indicate that
the inferences made concerning the nature of the ther-
modynamic and dynamic links, at least those between
the atmosphere and ocean surface, do not change ap-
preciably. Inclusion of warm ENSO periods appears to
favor the development of hot spots in the selection re-
gion, favor the formation of very large hot spots (>5
X 10° km?) (Fig. 21), modify slightly the relative im-
portance of the shortwave and latent heat flux pertur-
bations, and possibly help to increase the lifetime of
the ocean hot spots. This last point is illustrated by Fig.
4c, which in addition to showing the typical lifetimes
of the AHS hot spots (filled bars), shows the number
of occurrences for the ENR hot spots (gray bars).
While the numbers are small in most cases, there is a
relative reduction of long-lifetime spots over the hot
spots that last one month. Given the apparent instability
of large hot spots (e.g., Fig. 2) and the overall climate
changes in the atmosphere and Pacific Ocean associ-
ated with ENSO, for example, a reduction in upper
ocean heat content, this behavior is not unexpected.

5. Summary and discussion

The goal of this study was to examine the manner in
which the ocean and atmosphere combine to limit the
observed climatological values of SST to values below
about 30°C. Within this goal was an effort to first ex-
amine the spatial and temporal variability of very warm
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SST. The results of this analysis showed that large areas
(>10° km?) of ocean surface with temperatures greater
than 29.75°C occur almost exclusively within the 28°C
isotherm of the long-term mean SST field. Particularly
high concentrations of these ocean ‘‘hot spots’” occur,
as expected, in the warm pool region of the western
Pacific. Other regions of high hot spot concentrations
are the northern Indian Ocean and, to a lesser degree,
the South China Sea, off the northwestern coast of Aus-
tralia and in the northwestern tropical Pacific Ocean.
Analysis of their temporal variability shows that 1)
tropical Pacific La Nifia conditions appear to inhibit hot
spot formation, particularly in the Pacific warm pool,
2) Southern (Northern) Hemisphere summer condi-
tions favor hot spot development in the warm pool (In-
dian Ocean), and 3) the typical lifetime of an ocean
hot spot is about 1 month, with several lasting 2-3
months, and only a couple lasting more than 3 months.
This suggests that the formation of this exceptionally
warm surface water preferentially occurs when condi-
tions are favorable on interannual, annual, and intra-
seasonal timescales. Further, the typical size and time-
scales characterizing ocean hot spots (Figs. 2 and 4c)
indicate that large areas of very warm water in the
Tropics, even within 0.5°C of climatology, are quickly
damped by the coupled ocean—atmosphere system
back to ‘‘equilibrium.”’

A compositing analysis was performed in order to
try to understand the evolution of the hot spots that
form in the western Pacific warm pool. Large-scale,
three-dimensional ocean and atmosphere conditions for
the months before, during, and after the occurrence of
the hot spots were composited in order to develop a
four-dimensional picture of the evolution of this very
warm SST. The data were taken from a variety of
sources including in situ data, satellite-derived prod-
ucts, and ocean and atmosphere model analysis fields
in order to reduce the reliance on any particular time
period or dataset. The intention was to use these com-
posites to 1) understand what local thermodynamic
mechanisms combined to form and then dissipate areas
of very high SST, 2) provide a link between these local
mechanisms and the large-scale, or remote, dynamical
forcing conditions, including the intraseasonal time-
scale, and 3) begin to examine the role of ocean pro-
cesses in this phenomena.

The composite analysis for SST and deep convection
showed two important features. First, that SST and
deep convection tended to be out of phase with respect
to the formation and decay of ocean hot spots. The
warmest SST occurs during suppressed deep convec-
tion and is followed by a cooler SST during enhanced
deep convection. This indicates the important role that
internal, or remotely forced, atmospheric forcing plays
in suppressing deep convection and allowing the for-
mation of the ocean hot spots (e.g., WG). Second, the
dynamical composites, such as 200- and 850-mb wind,
along with the large-scale organization of the HRC,
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suggest that this atmospheric forcing may stem from
the Madden—Julian oscillation. This 30—60 day time-
scale mode of tropical variability tends to produce al-
ternating regions of atmospheric subsidence and deep
convection in the near-equatorial regions, typically
with a wavenumber 2 modulation. It was found that the
ocean hot spots tend to form in the western Pacific
when convection is suppressed over this region in favor
of enhanced convection to the west, over the Indian
Ocean (e.g., Figs. 6, 11, 12, 14, 23). The atmosphere
over the hot spot is left anomalously clear with the
composites showing anomalous drying at low and mid-
levels, which further helps to inhibit the formation of
convection over the warming hot spot. The formation
of the hot spot is further aided by incréases in down-
welling shortwave radiation at the surface relative to
the before and after composites, and by slightly de-
creased wind speeds, which in turn would seem to re-
duce the surface latent heat flux. However, similar to
the findings of WG, concomitant increases to Qs — Qa
appear to offset, and even outweigh, this latter effect.
It is interesting to consider whether the impact of the
enhanced precipitation occurring during the month
= —1 composite over the selection region (~60 mm
mo~!) perturbs the mixed-layer depth enough to
predispose the ocean surface layer to an enhanced
warming.

The cool periods preceding and following the hot
spot are associated with strong enhancements to con-
vection that appear to occur when a vertical ascent re-
gion coincides with the hot spot. This condition appears
to be brought on by an MJO moving across the warm
pool area (cf. Figs. 6, 12, 13, 14, and HS); however,
the data do not exclude the possibility that in some
cases the SST warming itself may be enough to orga-
nize the enhancements to the large-scale convection.
Commensurate with the positive convective anomalies
are perturbations to the surface energy fluxes. The two
dominant components of the surface heat budget in the
warm tropical ocean regions are the fluxes of latent heat
and shortwave radiation. As discussed in the introduc-
tion, there has been significant debate about which of
these fluxes plays a stronger role in maintaining the
upper limit on SST. Results from the composite anal-
ysis indicate that the deep convective perturbations to
the downwelling shortwave during the cool phase of
the composite ocean hot spot are about —~25 W m™2,
while the perturbations to the latent heat flux are only
about —3 to —12 W m~? (for reasonable choices of
LoCg). It should be stressed, however, that the data for
assessing the evaporation flux anomalies (COADS) are
not of high quality or well sampled. While these results
suggest that shortwave cloud forcing is more important
than evaporation in limiting the maximum SST in this
context, they do not address whether these perturba-
tions are strictly induced by the local increase in SST.
As mentioned above, the local enhancements to con-
vection can be initiated by MJO variability, variability
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that is internal to the atmosphere and not necessarily
forced by the local SST. Even so, the coupling between
the response of the SST and the effects of the MJO
suggests an interesting avenue of feedback to the MJO.
In the subsidence regions, the upper ocean absorbs sig-
nificant energy that can then be used by the ensuing
phase of enhanced convection.

Composite ocean conditions indicated that fairly
rapid changes occur in the upper ocean in concert with
the evolution of the atmosphere above. First, temper-
ature anomalies associated with hot spot formation oc-
cur down to 200 m or more. These temperature anom-
alies are coincident with a 4—5-cm positive sea level
height anomaly. Moreover, their magnitude and extent
suggest that, in some cases, their formation and re-
moval cannot be strictly attributed to surface heat flux
changes but are also likely due to changes in internal
ocean heat fluxes. Rather significant changes are also
observed in the anomalous meridional and zonal ve-
locity fields over the lifetime of the composite hot spot.
For example, the change in anomalous wind stress re-
sulting from the onset of westerly wind burst conditions
(associated with the enhanced deep convection over the
hot spot in the decay phase), along with the accom-
panying changes in sea level, can result in changes to
zonal velocity anomalies on the order of 6 cm s~ at
100 m, as well as near-surface meridional velocity
changes of 1 cm s~ or more. While the data available
from this model analysis are not sufficient to address
the degree internal ocean heat flux changes are respon-
sible for the formation/decay of the ocean hot spots, it
does offer a glimpse of the possible role the warm-pool
ocean may be playing in this context and certainly es-
tablishes the likelihood that it is not behaving as a pas-
sive ocean mixed layer.

As mentioned above, the relatively cool conditions
that persist during a La Nifia period tend to inhibit the
formation of ocean hot spots. Because of this, the over-
all background state of the composite ocean and at-
mosphere presented was biased in favor of El Niiio
conditions, even though most ocean hot spots occur in
between the high-amplitude phases of ENSO. To de-
termine how sensitive the composites, and thus the con-
clusions drawn from them, were to the inclusion of
these El Nifio time periods, the composites were re-
computed after excluding El Nifio months from the av-
erages. As expected, the overall background state of
these revised composites is tilted toward La Nifia con-
ditions. This included a change in the large-scale SST
pattern from weak El Nifio to weak La Niiia conditions,
a slight westward shift in the dominant convection
anomalies in the western Pacific and Indian Oceans, a
change in the sign of the Pacific wind stress and near-
equatorial current anomalies, along with some signifi-
cant changes in the large-scale atmospheric tempera-
ture and relative humidity anomalies. However, the
character of the relationship between the convection
and the SST in the region of hot spot formation/decay
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did not change, nor did many of the relative changes
associated the composite hot spot evolution. For ex-
ample, both sets of composites showed relatively
weaker (enhanced) low-level westerlies in the western
Pacific during (after) the occurrence of the hot spot,
even though the overall low-level wind anomalies were
quite different between the two.

Excluding the El Nifio time periods appeared to in-
crease the importance of the downwelling surface
shortwave (SW) during the month the hot spots oc-
curred. While the cooling contributions from the SW
and evaporation perturbations each appeared to de-
crease in the cool phase, their relative contributions re-
mained about the same as before with the SW impact
being greater. Overall, the above modifications in the
composites did not appear to change the nature of the
formation and decay mechanisms qualitatively, at least
as far as the atmospheric component is concerned. The
larger changes associated with the ocean composites
indicate that the associated ocean conditions and pro-
cesses are more sensitive to the interannual state of the
system. This implies that the long memory of the ocean,
in relation to the atmospheric forcing, does not always
phase lock the same ocean and atmospheric processes
during the formation and dissipation of an ocean hot
spot.

The above results warrant some discussion regarding
earlier studies. First, with respect to the thermostat hy-
pothesis of RC, the composite results presented do in-
dicate that the cooling effects due to cloudiness appear
more important than those due to evaporation on lim-
iting the very warm SSTs associated with hot spots in
the western Pacific warm pool. However, there are in-
dications that atmospheric variability uncoupled to the
local SST (e.g., MJO) provide significant perturbations
to the local convective environment that are important
to both the formation and limiting mechanisms of very
warm SST. Lau et al. (1994) argued that changes in
the local convection, and thus cloudiness, are more di-
rectly linked to external forcing induced by the large-
scale circulation rather than by the local SST, as would
be implied by RC. The results presented here suggest,
that at least at the intraseasonal time and space scales,
this is often the case.

Finally, the notion of ‘‘hot patches’” of SST invoked
in the arguments of Wallace (1992) elicit a comparison
with the composite *‘hot spots’’ presented and analyzed
here. Following the argument of Wallace, hot patches
will be subject to enhanced fluxes of latent heat. The
observations presented here indicate that this is mar-
ginally the case (Fig. 8b), somewhat more so for the
ENR composites (not shown). This enhanced latent
heat flux is supposed to cool the SST and increase the
frequency of convection over the hot patch. In fact,
convection does increase over the region, but as men-
tioned above this is not necessarily motivated by the
enhanced fluxes but may be brought on by anomalous
vertical motion from remote, or uncoupled, atmo-
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spheric variability. In this stage, the SST does decrease,
but the convective effects on surface shortwave ap-
pearing to be greater than on the latent heat flux. The
heat carried upward by convection would then °‘heat
up the troposphere not just over the local hot patches,
but over the entire domain.”” This is generally sup-
ported by the composite pressure—latitude diagrams of
temperature anomalies (Fig. 16) and the corresponding
pressure—longitude diagrams (not shown). Therefore,
the behavior of the hypothesized ‘‘hot patches’ is
somewhat similar to the observed ‘‘hot spots.”” How-
ever, the importance of perturbations to the surface
shortwave budget and the effects of atmospheric vari-
ability uncoupled to the regions of high SST appear to
play a more important role in the observed versus hy-
pothesized cases.

It is worth emphasizing that the conclusions and in-
ferences drawn from this study rely on the temporal
resolution and quality of data used, with each dataset
having at least one, and probably a number, of short-
comings. Examples include the HRC based on a sub-
jective analysis of satellite data; the ISCCP and short-
wave products only extend about 8 yr; the surface
observations of humidity and wind speed are under-
sampled in many areas; and the model analysis fields
are all based on sparse data in the Tropics and the as-
similation systems that produced them have changed
over time. While no one of these shortcomings is de-
fensible, the intention here was to use as much of this
historical data as possible to develop a coherent picture
of the formation and decay mechanisms associated with
very warm SSTs. In general, most of the variables
showed considerable consistency among their compos-
ites and the processes these composites conveyed. Im-
provements to this study will come from the use of data
with higher time resolution and longer records and, in
particular, from the use of data derived from improved
observation—model blending techniques [e.g., SST,
shortwave, model reanalyses (Kalnay and Jenne
1991)].

While the aim of this study was to address the ocean
and atmosphere processes responsible for limiting SST
in general, it is hoped that the study’s focus on the
western Pacific warm pool will help to complement the
results from the recent TOGA COARE and CEPEX
field study programs. This study’s application of long-
term, historical data and large-scale composites that ex-
tend beyond the immediate domain of these program’s
field observations can help to augment and extend the
results and inferences made from the observations ob-
tained over the limited time periods of these programs.
Investigation is currently underway to examine hot spot
formation/decay in the northern Indian Ocean, where
the coupling between the ocean and atmosphere is not
expected to necessarily be the same. Future plans in-
volve analyzing the ocean’s role in this process in more
detail, from observations as well as from coupled and
forced ocean models.
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FiG. Al. Composite-to-composite changes in anomaly patterns averaged over the selection region. Error bars denote 95% confidence limits
for the mean values. (a) HRC (thin; see Fig. 6), SST (thick; see Fig. 5); (b) SW (thick; see Fig. 10), MSU rainfall (thin; composite not
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APPENDIX

Statistical Significance of Composite
for Composite Changes

The plots in Fig. A1 illustrate the composite to com-
posite changes for several of the analyzed quantities
averaged over the selection region. Given are the mean
quantities for each of the composites (—1, 0, +1),
along with the error bars denoting 95% confidence lim-
its on the means using the Student’s t-test criteria. The
number of points used in each mean comes from the
number of ‘‘maps’’ used in each composite (number
given at upper right-hand corner of each composite)
multiplied by the number of points for that particular
quantity’s grid lying within the selection region.
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